Abstract-Subplasmalemmal Ca 2ϩ , dynamically equilibrated with extracellular Ca 2ϩ , affects numerous signaling molecules, effectors, and events within this restricted space. We demonstrated the presence of a novel Ca 2ϩ wave propagating beneath the plasma membrane in response to acute elevation of extracellular [Ca 2ϩ ], by targeting a Ca 2ϩ sensor, cameleon, to the endothelial plasmalemma. These subcortical waves, spatially distinct from classical cytosolic Ca 2ϩ waves, originated in localized regions and propagated throughout the subplasmalemma. Translocation of an expressed GFP fused with a PH domain of PLC␦ from the plasma membrane to the cytosol accompanied these subcortical waves, and U73122 attenuated not only the GFP-PH␦ translocation, but also the peak amplitude of the subcortical Ca 2ϩ waves; this finding suggests the involvement of local IP 3 production through PLC-mediated PIP 2 hydrolysis in the initiation of these waves. Changes in NO production as well as PKC␤-GFP translocation from the cytosol to the plasma membrane, but not of GFP-PLA 2 to perinuclear endomembranes, were associated with the subplasmalemmal Ca 2ϩ changes. 
I ntracellular Ca
2ϩ is a second messenger that is spatially and temporally organized for controlling numerous cellular processes. Because of its complex organization consisting of amplitude, frequency, timing, and spatiotemporal patterning, cells display functional specificity and versatility. 1 Ca 2ϩ dynamics just beneath the plasma membrane seem to be especially important, because Ca 2ϩ -sensitive molecular effectors and cellular processes are compartmentalized in this restricted environment.
Across the plasma membrane, the average intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) is generally maintained at a level approximately 10 000 times lower than that of extracellular Ca 2ϩ ([Ca 2ϩ ] o ) by Ca 2ϩ regulators such as Ca 2ϩ -ATPase or the Na ϩ -Ca 2ϩ exchanger, which actively regulate the gradients to achieve equilibrium. Although the cytoplasmic surface of the plasma membrane appears to be spatially continuous with the cytosol, it is actually not part of the cytosol and does not have the same [Ca 2ϩ ] level. It is actually a distinct compartment, differing from other cytosolic regions in terms of the [Ca 2ϩ ]. The subplasmalemmal Ca 2ϩ concentration ([Ca 2ϩ ] spm ) in unstimulated cells is Ϸ10 times higher than the mean cytosolic Ca 2ϩ concentration. 2 Changes in [Ca 2ϩ ] spm are expected to be quite different from those of the overall cytosolic [Ca 2ϩ ], based on the proximity of Ca 2ϩ channels. 3 The heterogeneous structure and biochemical components of the plasma membrane have the potential to create marked differences in Ca 2ϩ regulation in the subplasmalemmal space.
Localization of Ca 2ϩ -sensitive effector molecules downstream from spatially organized local Ca 2ϩ signaling is presumed to be critical for proper cellular functioning. One example is endothelial nitric oxide synthase (eNOS), which is normally localized to the cytoplasmic surfaces of caveolae, specialized microdomains in the plasma membrane, via the acylation process. 4 Mislocalization of eNOS outside the caveolar membrane in nonacylating mutants markedly reduces the sensitivity of the enzyme to Ca 2ϩ influx as a trigger for the NO production, a fundamental determinant of cardiovascular homeostasis. In addition to eNOS, some types of adenylyl cyclase localized in cholesterol-rich caveolae, are also sensitive to capacitative Ca 2ϩ influx. 5 Not only molecules such as eNOS, which are semifixed to the plasma membrane, but also diffusible cytoplasmic molecules such as PKC␤, which are recruited to the plasma membrane in response to an increase in [Ca 2ϩ ], would be directly affected by Ca 2ϩ influx. However, how those molecules are regulated under basal conditions or in response to the much more localized subplasmalemmal [Ca 2ϩ ] change is still unclear. In the last few decades, chelating Ca 2ϩ indicators have contributed significantly to research in this field by uncovering information about the spatiotemporal dynamics of cyto-solic Ca 2ϩ at the single-cell level. Furthermore, the Ca 2ϩ -sensitive photoprotein aequorin, with a SNAP-25 targeting motif, has been used for analyzing subplasmalemmal Ca 2ϩ in grouped cells. 3 However, the rapid dynamics of subplasmalemmal Ca 2ϩ have yet to be visualized with sufficient resolution at the single-cell level, because aequorin is not suitable for imaging because of its weak emission. Recently, however, Miyawaki et al 6 reported on the GFP-based Ca 2ϩ -indicating protein, cameleon, one of its advantages being targetability to subcellular locations without loss of imaging at the single-cell level.
To investigate the spatial and temporal aspects of endothelial subplasmalemmal Ca 2ϩ dynamics, we used yellow cameleon, which shows intramolecular fluorescence resonance energy transfer (FRET) from ECFP to EYFP in response to Ca 2ϩ . Downstream effectors, including eNOS, PKC, and PLA 2 , that might also be regulated in response to localized subplasmalemmal Ca 2ϩ changes, were likewise examined. 
Materials and Methods

Solutions and Chemicals
Vectors and Transfection
The motif used to target YC to the plasma membrane was the 20-amino acid-long, doubly palmitoylated 7, 8 amino terminal portion of neuromodulin (also called as GAP43). This motif is known to target GFP mutants to the plasma membrane 2,9 and the chimeric protein of YC with the membrane-targeting motif at its N-terminus was designated NYC. NYC was generated as described previously 2 from native YC2.1 (kindly provided by Drs R. Tsien, Howard Hughes Medical Institute, UCSD, La Jolla, Calif, and A. Miyawaki, RIKEN Wako Institutes, Saitama, Japan). The mitochondrial targeting sequence (MTS) was amplified by PCR using a pECFP-Mit vector (Clontech) as a template and the PCR product with HindIII sites at both ends was subcloned into the HindIII sites of YC2.1-pcDNA3, which is 18 nucleotides upstream from the initiation codon of YC2.1. The expression vectors for CFPmem, YFPmem, and PKC␤-GFP were purchased from Clontech. The vectors for PLC␦1PH-GFP 10 and GFP-PLA 2 were kindly provided by Drs T. Balla (National Institute of Child Health and Development, Bethesda, Md) and T. Hirabayashi (Chiba University, Chiba, Japan), respectively. Subconfluent endothelial cells were transiently transfected with the indicated cDNA using lipofectamine 2000 (Invitrogen Corp). One day after transfection, the cells were transferred to 35-mm glass-bottom culture dishes (Mat Tex Corp).
DAF-2 Loading
For NO measurement, loading of DAF-2 (Daiichi Pure Chemicals Co, Ltd) into the cell was performed as previously described. 2 
Imaging
All of the images were obtained with a Leica confocal microscopy system (Leica) equipped with an argon laser, inverted microscope, galvano stage, and oil immersion objectives of ϫ100 and ϫ40 (PL APO, Leica) with NA values of 1.4 and 1.25, respectively.
Images in Figures 1 and 4 were obtained with a ϫ100 objective, and their lateral and axial resolutions are theoretically 0.17 and 0.82 m, respectively, under optimal optical conditions. 11, 12 The pixel size of such images is 0.24 m/pixel, and the z-distance between image planes in Figure 1B is Ϸ1.5 m. x-z images were obtained using the galvano stage. Other images were obtained with a ϫ40 objective, and their lateral and axial resolutions are 0.20 and 1.03 m, respectively. Pixel size ranges from 0.37 to 0.73 m depending on the magnification for each image.
Cells transfected with Ca 2ϩ indicating sensors (YC, NYC, and mitYC) were excited at 514 nm and an emission wavelength of 530 to 550 nm was acquired for subcellular localization of the sensors. For the analysis of FRET, cells expressing the sensors were excited at 456 nm and image pairs of donor CFP (480Ϯ10 nm) and acceptor YFP (515Ϯ10 nm) were acquired simultaneously. We designated the 505 to 525 nm/470 to 490 nm (acceptor/donor) emission ratio, which is a measure of bound Ca 2ϩ , as the FRET image. To capture the propagation of subplasmalemmal Ca 2ϩ waves, images of 128ϫ128 pixels were obtained at the fastest interval of 0.14 seconds by the reciprocal mode of 1000-Hz line scanning.
Cells loaded with DAF-2 or expressing GFP chimeras, including PKC␤-GFP and GFP-PLA 2 , were excited at 488 nm, and a 500-to 540-nm emission was acquired.
Regions of interest (ROI) were traced on the monitor and the ratio value of YFP/CFP for each ROI was calculated using a built-in accessory program in the confocal system. The processing of ratio images was done off-line using the ratio imaging module of OpenLab software (Improvision Inc). Recordings of subplasmalemmal Ca 2ϩ waves were made in more than 30 cells, and experiments other than DAF-2 monitoring were performed in Ϸ10 cells. NO recording in DAF-2-loaded cells was performed Ϸ20 times in grouped cells (Ϸ200 cells). All of the data presented are representative of multiple experiments yielding similar results.
Results
The chimeric YC protein with the membrane-targeting motif at its N-terminus was generated as described in Materials and Methods ( Figure 1A , NYC). Endothelial cells were transiently transfected with YC or NYC. NYC was uniformly distributed on the cell surface, whereas native YC was expressed predominantly in the cytosol as revealed by thinslice x-y confocal images ( Figure 1B and 1C ). An x-z image of cells expressing NYC revealed the dome-like distribution of this chimeric protein above the cell body, which was Ϸ10 m in height and often had thin edges or lamellipodia ( Figure 1C, red arrow) . In intact cells, attachment of the 20 amino acid-long tag to the N-terminus of YC did not affect the Ca 2ϩ -dependent increase in the emission ratio, which reflects FRET efficiency. 2 First, we examined how the extracellular Ca 2ϩ concentration ( 2ϩ -free medium, the ratio images revealed heterogeneous values for the ratio within single cells. For example, the subcellular region at a portion near the edges showed a somewhat higher emission ratio than other regions ( Figure  2A , 0.57 seconds; Figure 2B , 0.88 in R1 and 0.84 in R2 and R3). The difference was estimated to be Ϸ150 nmol/L based on our previously reported calibrating method. 2 Images collected at 0.14-second intervals showed the differential sensitivity of the plasma membrane to changes in the [Ca 2ϩ ] o . Acute depletion of extracellular Ca 2ϩ with 0.1 mmol/L EGTA decreased the [Ca 2ϩ ] spm within a second, but with a slight lag of 1 frame (0.14 seconds) in the R3 region, which appeared to represent the lamellipodium (Figure 2A, 1.29, 1.43 seconds) .
Most strikingly, repletion with 1.2 mmol/L Ca 2ϩ initiated a simultaneous increase in [Ca 2ϩ ] spm in R1 and R2 (pink arrows at 13.30 seconds in Figure 2A ), which then propagated throughout the plasma membrane in the form of Ca 2ϩ waves (Figure 2A , 13.30 to 14.87 seconds). The two Ca 2ϩ waves originating from such regions fused and finally propagated to R3, representing the lamellipodium. The movie file of this experiment can be found in the online data supplement at http://circres.ahajournals.org. There is usually a single initiation site in a cell, but 3 of the 11 cells examined had multiple sites: two with two hot spots and one with three. Based on our observation of multiple cells, the velocity of Ca 2ϩ wave propagation was determined to be (meanϮSD) 56Ϯ26 m/s (range, 24 to 105 m/s). Throughout the recording of traces of the emission intensity of ECFP and EYFP at R1, R2, and R3, mirror images were created to ensure that the ratio changes reflected real changes in FRET from donor ECFP to acceptor EYFP ( Figure 2C ). Furthermore, because DsRed can be used as a FRET partner with GFP, 13 we changed the donor and acceptor pairs in the sensor molecule NYC from ECFP/ EYFP to EGFP/DsRed. We also confirmed correct membrane targeting of the new sensor, which detected similar [Ca 2ϩ ] odependent FRET changes and subplasmalemmal waves (data not shown). Such FRET changes were, however, not observable in cells doubly transfected with ECFPmem and EYFPmem, control molecules of ECFP and EYFP, respectively. Each has the same membrane-targeting motif at the N-terminus as NYC (data not shown). Thus, we can rule out artifacts possibly caused by pH-dependent changes in YFP fluorescence. 14 Interestingly, [Ca 2ϩ ] spm are similar at the apical aspect of the cell body and at the lamellipodium, whereas [Ca 2ϩ ] spm at the basal aspect of the cell body is lower ] spm in the apical aspect of the cell (2, green line) begins to increase first, whereas the increase in the basal aspect (3, blue line) is slower and the peak [Ca 2ϩ ] spm in the basal aspect is lower than that in the apical membrane (1, 2, and 4). E, Timecourses of changes in the emission ratios for two cytosolic regions near (1, red) and apart from (2, green) the apical plasma membrane in x-z images of a YC-expressing cell. Initial false-colored ratio image with indicated ROIs is shown on the right. Dotted circle in the cell indicates the nucleus (Barϭ10 m). Figure 2E ), suggesting the Ca 2ϩ wave detected by NYC propagates through a restricted subplasmalemmal space with less vertical thickness than the optical resolution of our experimental system. Cells expressing YC in bulk cytosol can detect only small, if any, increases in the emission ratio in response to an acute increase in [Ca 2ϩ ] o from 0 to 1.2 mmol/L ( Figure 3A ). This is in contrast to the dramatic ratio increase detected by NYC ( Figure 2B ). Although the minimum (R min ) and maximum ratio value (R max ) are required for calibration in each experiment, R min in YC-or NYC-expressing cells is usually very close to the ratio obtained when the cells are in Ca 2ϩ -free extracellular condition with EGTA. 2 Thus, if we assume the minimum and maximum ratio values in Figure 3A to be 1.08 and 1.7, respectively, the percent emission ratio increase (ERI) in YC-expressing cells in response to 1 Figure 3C ) with little effect on bulk cytosolic [Ca 2ϩ ] (data not shown), suggesting the involvement of 2-APB-sensitive mechanisms in the maintenance of the steep [Ca 2ϩ ] gradient between the subplasmalemma and the bulk cytosol.
To confirm that the Ca 2ϩ waves detected only with NYC are confined to the subplasmalemmal space, we examined whether treatment with 1.2 mmol/L CaCl 2 also affected the intramitochondrial Ca 2ϩ concentration using mit-YC, a mitochondria-targeting version of YC ( Figure 4A ). Expression of mit-YC was found by confocal microscopy to be localized to the thin tubes, typical architectural features of mitochondria. Close examination of serial x-z images of a mit-YC-expressing cell revealed a number of dots, which are cross sections of such tubes ( Figure 4B) . Some of the dots, distributed within the cell, were very close to but apparently not touching the plasma membrane. In nominally Ca 2ϩ -free medium, 10 mol/L ATP evoked an intramitochondrial Ca 2ϩ transient ( Figure 4C ), similar in shape to that detected by YC ( Figure 3B, 
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of Ca 2ϩ free extracellular medium to 1.2 mmol/L-containing medium did not affect [Ca 2ϩ ] detected by mit-YC ( Figure  4D ), suggesting that the subplasmalemmal Ca 2ϩ wave detected by NYC propagates through a very confined space beneath the plasma membrane not reaching the mit-YCdetectable subdomains.
Next, to examine whether phosphatidylinositol 1,4,5-trisphosphate (IP 3 ) plays a role in the origin of subcortical Ca 2ϩ waves, we monitored spatiotemporal changes in the plasmalemmal phosphatidylinositol 4,5-bisphosphate (PIP 2 ) pool and its hydrolyzed product, IP 3 . The PLC␦ pleckstrin homology (PH) domain-GFP fusion protein expressed in a cell was exposed to treatments inducing the propagation of subcortical Ca 2ϩ waves. PLC␦PH is known to specifically bind with PIP 2 or IP 3 , and to be rapidly redistributed from the plasma membrane to the cytosol in response to PLC activation by receptor stimulation, or by an increase in Ca 2ϩ itself. 10 Translocation of PLC␦PH-GFP also reflects an increase in the cytoplasmic IP 3 concentration ([IP 3 ] i ), and Ca 2ϩ -mediated enhancement and suppression of [IP 3 ] i have been proposed to be involved in organizing complex Ca 2ϩ signaling patterns. 18 As in other cell types, most of the PLC␦PH-GFP fluorescence expressed in the endothelium was confined to the plasma membrane in the Ca 2ϩ -free medium ( Figure 5A ). An acute increase in [Ca 2ϩ ] o from 0 to 1.2 mmol/L caused translocation of PLC␦PH-GFP from the plasma membrane to the cytosol, indicative of PIP 2 hydrolysis and IP 3 production through PLC activation, which was Ϸ20% of the maximum translocation produced by 10 mol/L ATP ( Figure 5B and 5C ). Figure 5D ), as well as translocation of PLC␦-GFP from the plasma membrane to the cytosol ( Figure 5C ). Accordingly, PLC hydrolysis may be at least partially associated with the positive feedback system of subcortical Ca 2ϩ wave formation. We then examined how such a locally organized Ca 2ϩ increase exerts specificity of downstream signaling. PKC and PLA 2 , both of which are Ca 2ϩ -sensitive signaling molecules, are known to be localized in the cytosol in the unstimulated state. Through the common C2 domain, PKC and PLA 2 are translocated to different membrane domains, the plasma membrane, and the perinuclear endomembranes, respectively. Translocation of these molecules in response to treatment that can evoke subcortical Ca 2ϩ waves was monitored by fusing GFP to each molecule. When transiently expressed in endothelial cells, PKC␤-GFP was found in the cytosol (Figure Figure 6B  and 6C ). Similar to PKC␤-GFP, GFP-PLA 2 also appeared to be homogeneously expressed in the cytosol in unstimulated endothelial cells ( Figure 7A ). Stimulation-induced translocation of PLA 2 was evaluated by the perinuclear endomembrane to whole cell fluorescence ratio. When stimulated with ATP and thapsigargin under conditions nominally free of extracellular Ca 2ϩ , intended to mobilize intracellular Ca 2ϩ from intracellular ER Ca 2ϩ stores, an acute but transient accumulation of fluorescence in the perinuclear endomembranes was observed ( Figure 7B, tϭ64 seconds, arrow, Figure 7C ). After restoration to the basal level, the addition of 1.2 mmol/L extracellular Ca 2ϩ , which can induce capacitative Ca 2ϩ entry, fluorescence again accumulated in the same perinuclear endomembranes, but with slower kinetics and a lower peak intensity ( Figure 7B, tϭ354 seconds, Figure 7C) . A final addition of ionomycin induced rapid and more intense fluorescence accumulation ( Figure 7B , tϭ435 seconds, Figure  7C ). In contrast to this translocation that is sensitive to bulk cytosolic Ca 2ϩ , however, acute elevation of [Ca 2ϩ ] o , which can increase [Ca 2ϩ ] spm , did not induce GFP-PLA 2 accumulation in perinuclear endomembranes ( Figure 7D ). This is in marked contrast to the partial translocation of PKC␤-GFP in response to an increase in [ 
Discussion
The subplasmalemmal spatiotemporal aspects of Ca 2ϩ dynamics sensitive to [Ca 2ϩ ] o were examined using cameleon and a FRET-based technique. Our observations appear to be consistent with those of a previous study using aequorin, in which a dramatic increase in [Ca 2ϩ ] spm in A7r5 cells was detectable only when the sensor was expressed on the cytoplasmic face of the plasma membrane. 3 Cameleon is superior to aequorin in terms of its imaging feasibility based on the intense fluorescence emitted from GFP mutants; consequently, subplasmalemmal Ca 2ϩ waves were observed and characterized for the first time in this study. These subcortical Ca 2ϩ waves cannot be detected by conventional imaging methods using indicators such as Indo-1, Fluo-4, or native YC that are nonspecifically loaded or expressed in the cytosol. Bulk cytosolic Ca 2ϩ waves, which have been well described, basically consist of Ca 2ϩ released from internal stores. Unlike the bulk cytosolic Ca 2ϩ waves, the Ca 2ϩ source for subplasmalemmal waves is extracellular Ca 2ϩ , and these Figure 3C ), the maintenance of [Ca 2ϩ ] in the subplasmalemmal compartment may be mediated via Ca 2ϩ through channels such as the IP 3 receptor, CRAC, or some of the TRP superfamily. In response to [Ca 2ϩ ] o elevation from 0 to 1.2 mmol/L, calibrated [Ca 2ϩ ] increases detected by YC and NYC are Ϸ45 and 350 nmol/L, respectively, based on the method previously described. 2 Thus, vertical thickness of the subplasmalemmal compartment is estimated to be Ϸ0.2 m, assuming the cell volume is 4500 m 3 and the [Ca 2ϩ ] o -sensitive compartment is absolutely confined to the subplasmalemma.
As for the bulk cytosolic Ca 2ϩ waves, there are presumably mechanisms underlying the regenerative process of subcortical Ca 2ϩ wave propagation because Ca 2ϩ is a localized second messenger and cannot diffuse freely by itself because of the abundance of binding proteins within the cell. One candidate mediator for the formation of subcortical Ca 2ϩ waves is PLC. It has been demonstrated in several cell types that a [Ca 2ϩ ] i increase stimulates PLC activity. 20, 21 For example, voltagegated Ca 2ϩ influx through the AMPA receptor in Purkinje cells directly stimulates PLC-mediated IP 3 production, as demonstrated by the translocation of PLC␦-GFP from the plasma membrane to the cytosol. 21 PLCs are ubiquitous enzymes, and all three isozymes (␤, ␥, and ␦) are expressed in endothelial cells. 22 Although the activities of PLC␤ and PLC␥ are usually regulated by G-proteins and tyrosine phosphorylation, respectively, 19, 23 their catalytic properties are dependent on an optimal Ca 2ϩ concentration. 22, 24 Although the relative level of endothelial PLC␦ activity is 7-to 8-fold lower than that of the ␤ or ␥ isoenzymes, 22 its activity is more sensitive to [Ca 2ϩ ]. 25 In response to [Ca 2ϩ ] ranging from 10 Ϫ6 to 10 Ϫ4 mol/L, activities of the ␤, ␥, and ␦ isoenzymes of PLC, measured using PIP 2 as the substrate, were reportedly increased by approximately 50%, 200%, and 300%, respectively, with the maximal increase in activity seen at around 10 Ϫ3 mol/L. 22 Thus, it is possible that plasmalemmal PLC in endothelial cells is also activated by Ca 2ϩ influx. Activated PLC then leads to local production of IP 3 , waves. Stretch-activated Ca 2ϩ channels (SAC) do not appear to play a major role in the formation of subplasmalemmal Ca 2ϩ waves because Gd 3ϩ , the most commonly used SAC blocker, had no effect (data not shown).
G protein-coupled PLC activation in nonexcitable cells results in IP 3 generation, which mobilizes ER Ca 2ϩ stores through IP 3 receptors. This Ca 2ϩ mobilization from stores is generally associated with Ca 2ϩ entry, so-called store-operated or capacitative Ca 2ϩ entry (CCE), 28 a process for replenishing these stores by as yet unknown mechanisms. It has been proposed that IP 3 and its receptors play essential roles not only in the release of Ca 2ϩ from intracellular Ca 2ϩ stores, but also in store-release-dependent Ca 2ϩ entry. 1 Involvement of IP 3 in non-CCE mechanisms has also been proposed in endothelial cells 29 as well as other cell types. 30 Thus, IP 3 may directly activate Ca 2ϩ entry. In fact, biochemical studies have suggested the presence of IP 3 R or an IP 3 receptor-like protein in the plasma membrane of many cell types, [31] [32] [33] [34] including endothelial cells, 35 although there is little functional evidence for Ca 2ϩ signaling. One exception is the documented functions of IP 3 -gated Ca 2ϩ channels in the olfactory neuron plasma membrane. 36 Furthermore, the propagation velocity of subcortical Ca 2ϩ waves is in a range similar to that of ATP-induced Ca 2ϩ waves (several tens of micrometers per second) consisting of IP 3 -mediated Ca 2ϩ release from intracellular Ca 2ϩ stores, 37, 38 suggesting a mechanistic similarity between wave propagation through the bulk cytosol and the subplasmalemma.
Correct targeting of proteins to specific subcellular sites is critical in the regulation of cellular functions. Cytoplasmic signaling proteins such as PKC␤ or cytosolic PLA 2 rely on C2, one of the modular domains, for correct targeting of the plasma membrane and perinuclear membranes, respectively. PKC␤ modulates thrombin-induced increases in endothelial permeability 39 or insulin-induced eNOS gene expression, 40 whereas PLA 2 catalyzes the release of arachidonic acid from phospholipids. 41 In response to an increase in the Ca 2ϩ concentration, cytosolic PKC␤ and PLA 2 are translocated to the membrane. This translocation is a hallmark of the activation of such molecules. Although the C2 domain of both PKC␤ and PLA 2 determines their destination because of the electrostatically distinct lipid composition of phosphatidylserine-rich plasma and phosphatidylcholine-rich perinuclear membranes, respectively, 42 ], a small proportion of cytosolic PKC␤, which happens to be just beneath the plasma membrane binds with Ca 2ϩ and is then translocated to the plasma membrane only a short distance away. Unlike PKC␤, even if a small proportion of PLA 2 binds with Ca 2ϩ , it needs to travel a much longer distance to reach target perinuclear membranes. The duration of Ca 2ϩ elevation is also a critical parameter for PLA 2 stabilization at the membranes. 41 In fact, depletion of extracellular Ca 2ϩ does not affect the resting level of 6-keto PGF 1␣ , a metabolite of prostacyclin produced through PLA 2 activation. 43 Thus, differential regulation of Ca 2ϩ -sensitive C2-mediated translocation of cytosolic molecules can be accomplished by localizing the Ca 2ϩ increase, under the plasma membrane, initiated by the formation of subcortical Ca 2ϩ waves. Effector molecules on the inner surface of the plasma membrane can also be directly affected by localized subplasmalemmal Ca 2ϩ changes. Endothelial NO synthase, which is localized to the cytosolic surface of the plasmalemmal caveolae by an acylation-mediated process, is a Ca 2ϩ -dependent enzyme for producing NO. 4 Endothelial cells are known to be equipped with a highly specialized and efficient Ca 2ϩ delivery system for eNOS regulation. Caveolae in endothelial cells are preferential sites for capacitative Ca 2ϩ entry, a mode of Ca 2ϩ influx tightly linked to NO production. 2 The potent stimulating effect of Ca 2ϩ influx for NO production is in contrast to that of Ca 2ϩ release from internal stores, which evokes very little NO production, suggesting that the spatial factor of Ca 2ϩ delivery from outside the plasma membrane is critical for efficient NO production. 2, 4 As expected, eNOS activity is also sensitive to [Ca 2ϩ ] o -dependent acute changes in [Ca 2ϩ ] spm , although the amplitude of DAF-2 fluorescence is much smaller than that associated with capacitative Ca 2ϩ influx or ionomycin treatment. This is consistent with previous findings that the resting level of cGMP, an indirect parameter of NO production, falls after the removal of extracellular Ca 2ϩ43 . Thus, basal eNOS activity is maintained and regulated by subplasmalemmal Ca 2ϩ equilibrated with extracellular Ca 2ϩ . Finally, we have presented evidence of a novel spatially and temporally organized Ca 2ϩ wave propagating through a functionally compartmentalized space beneath the plasma membrane in response to an acute increase in [Ca 2ϩ ] o . Such acute changes in [Ca 2ϩ ] o , although not entirely simulating actual physiological conditions, reveal functions maintained by the extracellular Ca 2ϩ supply, including basal PLC activity, phospholipid metabolism, the spatiotemporal organization of subplasmalemmal Ca 2ϩ , Ca 2ϩ -dependent molecular translocation, and eNOS regulation. The precise mechanisms for the initiation and formation of subcortical Ca 2ϩ waves require further investigation.
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